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ACCURACY OF ATLANTIC TROPICAL CYCLONE FORECASTS

JACK D. TRACY

National Hurricane Research Laboratory, Environmental Science Services Administration, Miami, Fla.

ABSTRACT

During the past several years a number of techniques have been developed for forecasting the motion of tropical

cyclones over areas of the Atlantie, Caribbean, and Gulf of Mexico.

tional basis.

Many of these have been tested on an opera-

These forecasts have been collected and verified and probability ellipses have been constructed. While

direct comparisons between the forecast methods are diffieult (because of inhomogeneity of sample size, differences
in times of availability of the forecasts, etc.), it has been found that two of the objective techniques tested result in
slightly better forecasts than the others. The accuracy of the forecasts depends somewhat on the geographical area
and the forecast error varies almost linearly with the length of the forecast period.

1. INTRODUCTION

A continuing and developing program for the evaluation
of the performance of the various techniques utilized in
predicting the future course of hurricanes has been in
existence at the National Hurricane Center (NHC),
Miami, Fla., for several years. Sufficient data have now
been accumulated to permit meaningful conclusions to be
drawn as to the relative merits of some of the numerous
systems which have been used to forecast hurricane
motion. In this paper, attention will be focused on the
performance of eight such techniques during the years
1959-64, although not all methods were used throughout
the entire period. The first part deals with a number of
statistical measures of the forecast errors. The second
part presents verification information in the form of
probability ellipses for four levels of probability, namely,
20, 40, 60, and 80 percent.

Itisnot the purpose of this paper to discuss in detail the
forecast techniques which have been evaluated, since
most of these have been described elsewhere [4, 5, 8, 9,
10]. However, in order to facilitate reading of the paper
a brief summary of the main features of each method will
be given. The methods range from simple straight-line

TaBLE 1.—Forecast methods which were verified.

P,, Py Past motion of the cyclone center
P Sea level pressure

H; 700-mb. height
Zy 500-mb. height
u,v geostrophic wind component

extrapolation to numerical prediction with a simple baro-
tropic model. Several are statistical in nature and were
derived by a screening and multiple linear regression
technique. As predictors, these use such parameters as
sea level pressures or heights of constant pressure surfaces,
geostrophic wind components, the past motion of the
cyclone center, thicknesses between constant pressure
surfaces, and height changes measured in a moving co-
ordinate system. The official forecasts issued by the
Weather Bureau Forecast Centers represent the pro-
fessional judgment and experience of the hurricane fore-
casters, and are essentially subjective in nature, although
consideration is given to the numerical forecasts, objective
alds, climatology, etc. 'The basic characteristics of each
method are listed in table 1.

In verifying the forecasts a ‘“best track’” prepared by
the Hurricane Forecast Centers was used, the writer
having no part in determining this track. With one ex-
ception, only those forecasts prepared at the time of the
event for operational forecast purposes were verified. In
an earlier paper the writer [7] described a set of ‘‘simu-
lated’” operational forecasts prepared by use of the T—60
method. The verification statistics for this method in-

Symbols in column 2 have the following meaning:

AZyofr - 1000-700-mb. thickness
AZzfs  700-500-mb. thickness

sHi/st  700-mb. height change
8Zs/dt  500-mb. height change

Method

Predictors used Forecast periods

Official Weather Bureau Advisory (WB) ... oo oooiircaaan Prolgessiénial judgment plus numerical products, objective aids, and | 12, 24, 48, 72 hr.
climatology.

Numerical Weather Prediction (NWP) ... . oo . Barotropic model (500 mb.) . o oo 12 to 72 hr. by 12-hr. steps.

Travelers Synoptic Climatologieal 1059 (T-59)__. A A . %Ahr.

Travelers-National Hurricane Research Laborato: P, P, Py, Zs, .--[ 24 and 36 hr.

National Hurricane Center-1964 (NHC-64)...._. , Py, Py, Hy, .| 12 to 48 hr. by 12-hr. steps.

Riehl-Haggard-Sanborn (RHS). ... - %, » (500 mb.) 24 hr.

Miller-Moore (MM)____.__..____________ wu, v (700 mb

Persistence (PERS) ... 1T B, P,

24 hr.
12 to 72 hr. by 12-hr. steps.
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Fiaure 1.—Hurricane forecast areas.

clude the simulated forecasts for the years 1959-60 in

addition to those prepared for the other years. Most of
the statistical measures were obtained by computer
methods, which virtually eliminated the possibility for
computational errors.

Previous studies by Gentry {3], Dunn [2], and Tracy [7]
have indicated that the accuracy of hurricane forecasts
varies from one geographical area to another. For this
reason the verification statistics have been stratified ac-
cording to area (fig. 1). Area B has the largest number
of oceanic upper-air stations and area A has the fewest.
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Differences in the verification statistics have been attrib-
uted to the differences in the data density, although other
factors (such as climatology) may contribute to these
differences.

Before a detailed examination of the statistical quanti-
ties, some comments and a word of caution are in order
concerning the interpretation of these results. While
comparisons as to the relative merits of the techniques
are inevitable, these comparisons may not be fully justi-
fied. The sample sizes are unequal, and not all methods
were used during all the years. For example, NHC-64
was used for the first time during the 1964 season, but
routine preparation of the RHS and T-60 forecasts was
discontinued at Miami in 1964. This made it impossible
to obtain a homogeneous sample for comparison of all
techniques, although a small homogeneous sample was
available for comparing five forecast methods based on
the 1964 season. In addition, the official Weather Bu-
reau forecasts are issued at 6-hour intervals, beginning at
0400 gmT. This means that the 24-hr. forecasts issued at
0400 auMT and 1600 emrT are based on surface and upper-air
data observed 4 hours earlier, while those issued at
1000 emT and 2200 gMT are based on upper-air data ob-
served 10 hours earlier. On the other hand, the forecast
period for the objective systems is measured from observa-
tion time, even though the forecast may not be available
until several hours later. This places the official forecasts
at a disadvantage whenever comparisons between methods
are made, but this -disadvantage is parily offset by the
availability of later data, particularly aircraft reconnais-
sance reports.

TasLe 2.—Statistical data for 24-hr. forecast period, 1969 through 1964,

Name of  NHC-64* . NWP : .- T-59 M-M R T-60# ‘ RHS PERS
technique * . o o
Area . ... ___._ A B C A B C { A B C A B :C 1 A . B Cc | A ‘B C A B (o]
Number of - ) , o
forecasts__._.. T 48 15 75 126 52| 114 254 127 | 8 103 3\ 102 234 51 11 m 29 280 414 109
Mean (n. mi.). . ‘88 © 88 . 156 190 133 159°] 147 118 164 155 96 1407} 150 112 168 251 130 145 235 134 . 208
' Standard de- : - . :
viation (n. . | - q .
Mngi.)._(. ....... 44 51 86 155 85 98 106 66 92 69 57 T 82| 126 67 97 120 84 100 192 88 121
edian (n. . |
miy .. 102 83 . 142 153 114 139 126 106 143 77 87 117 114 97 169 266 120 108 175 115 178
Lowell-lﬁuartile I -
(mml).____. 43 47 95 86 ‘80 80 78 &7 )1 91 54 k] i [ T 7] 147 3 78 101 3. 116
Upper quartils - . . . . - . :
glp.emj. ....... 1056 116 173 244 179 213 177 158 230 215 126 167 1180 161 229 207 164 166 317 169 2m
Range (n. mi.).|48-189 13-245 34-370 |13-049 13-614 26-496 |13-747 0430 6401 |26-228 6-271 25-843 |21-703 8-365 24377 {79-545 13-544 12-401 {16-1270 8-578 ,10~611
*1964, only.
#1959-1963.
TaBLE 3.—Sltatistical data for 36-hr. Forecast Period, 1959 through 1964.
Name of technique .- NHC-64* NwP - T-60# PERS
ATeB e A B C A . B C A B o} A B (6]
-Number of forecasts. - .. oo oo 7 46 14 65 121 37 88 221 - 44 17 260 70
Mean (m. 18.) .o 186 145 252 281 210 272 212 195 231 309 200 317
Standard deviation (n. mi.) 83 74 105 259 158 169 165 124 125 253 134 194
Median (n. mi.).____.. 176 151 231 238 183 237 178 181 245 234 174 268
Lower quartile (1. mi.) 123 75 174 124 114 142 15 98 107 124 112 173
Upper quartile (n. mi.) 209 195 290 344 256 350 251 253 327 408 269 . 424
Range (M. Mi.) . es 45-331 32-306 113-514 12-1445 30-1332 24-830 19-1177 0-755 21-496 6-1320  19-730  36-941

*1964 only.
#1959-1963.
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TaBLE 4.—Statistical data for 48-hr. forecast period

Jack D. Tracy

409

TABLE 6.—Official Weather Bureau forecasts, 19569 through 1964

Name of NHC-64* NWPt PERS#
technique
Area._._______ A B (o} A B C A B C
Number of

forecasts.___ 7 45 13 45 97 36 79 131 56
Mean (n.mi.).| 264 211 420 314 2173 407 313 279 473
Standard

deviation

n.mi)..__[ 107 106 154 203 161 212 203 138 284

(m.mi)....| 28 197 407 283 A7 405 254 254 434
(m.mi)__.} 151 118 310 1856 160 234 156 174 217

(m.mi).___[ 302 288 435 440 345 529 429 351 686
(n.mi)_.__168-430 35-408 212-747 |51-786 43-902 75-1093 |33-1100 37-633 78-1212

*1964 only.
11960-64,

TaBLE 5.—S8tatistical data for 72-hr. forecast period, 1964

Nams of technique NWP PERS

A B C A B C
10 24 4 49 66 12
467 423 526 436 449 762
218 244 306 203 232 375
528 346 556 377 430 812
248 235 83 181 271 353
651 608 684 608 657 1038
Range (m.mi.)_...__. 54-698 71-925 83-906 [ 0-1188 48-1086 157-1285

2. DISCUSSION OF RESULTS BY GEOGRAPHICAL
AREAS

The results of the statistical analyses are shown in
tables 2-8, with the verification numbers stratified by
geographical areas (fig. 1). Table 2 presents the results
of the error-record of the seven methods for a 24-hr. fore-
cast period. One of the most striking facts brought out
by this table is that for ell systems the errors were for the
mest part substantially less in area B than in either areas
A or C. The standard deviations were generally smaller
in area B than-in the other areas. This indicates that

the errors in the distribution were more closely clustered

about the mean. Observing the upper quartiles, one
notes that there is quite a large reduction in the magni-
tudes of these errors in area B when compared with the
other -areas. This shows that there were considerably
fewer large-error types of forecasts made in area B than
in A or C. This same fact is noticed when most of the
other statistical items in table 2 are examined.

The data in table 2 seem to indicate that the NHC-64
and M-M techniques produced 24-hr. forecasts with the
smallest vector.errors. For example, the mean and median
vector errors for NHC-64 and M-M in area B are 88-and
83 n. mi. and 96 and 87 n. mi., respectively. These are sub-
stantially less than those of the other systems.

The 36-hr. forecast errors for the four systems which
produce 36-hr. forecasts are shown in table 3. These data
indicate that NHC-64 produced forecasts with the smallest

X Num- [ Mean | Stand-| Me- | Lower | Upper
Forecast period | Area{ ber of (n. |ard de-| dian | quar- | quar- | Range
fore- mi.) |viastion|(n.mi.}| tile tile (n.mi.)
casts (n. mi.) n.mi.)|(n. mi
A 289 183 138 138 85 237 6-812
B 406 113 71 96 60 152 6-396
C 194 167 94 150 93 216 7-502
A 104 271 164 243 140 346 8-787
B 163 231 132 212 142 304 21-708
6] 67 381 218 344 189 519 33-880
A 53 390 252 332 212 472 | 102-1236
B 65 362 217 335 210 470 55-998
[0/ 10 403 164 410 264 448 | 130-670
*Began in 1961,
tStarted in 1964.
TABLE 7.—Statistical data for 24-hr. forecast period. Homogeneous
for 1964
Number | Mean |Standard|{ Mean | Lower Upper | Range
Name of technique of (n. mi) |deviation|(n. mi.) | quartile | quartile [(n. mi.)
forecasts {n. mi.) (n. mi.) | (n. mi.)
23 120 85 105 48 128 | 24-357
23 101 56 97 54 142 6-219
23 127 71 94 80 168 | 26-278
23 107 60 88 60 124 1 44-321
23 127 62 136 73 163 | 42-202

TaBLE 8.—Forecast system having the least mean error by areas and
forecast periods

Forecast period 24 hr. 36 hr.
AT@B . oo A B [o] A B [o]
Method_ . ...___._. NHC-¢4 NHC M-M | NHC-¢4 NHC-6¢4 T-60
Number of forecasts 7 46 38 7 48 44
Mean (n. mi.)_________..__ 98 88 140 186 145 231
Median (n. mi.)_.__....._. 102 83 117 176 . 151 245
Forecast period 48 hr. 72 hr.
A B o] A . B [¢]
NHC-64 NHC-¢4 NWP| PERSB NWP NWP
7 45 36 49 24 4
B 264 211 407 436 423 525
Median (n. mi.).. 288 197 405 377 346 556
OFFICIAL WB FORECASTS
Forecast period 24 br, 48 br. 72 hr,
Forecast period when
referred to synoptic 28 hr. 52 hr. 76 hr.
map time
Area. oo A B C A B C | A B C
Number of forecasts- 280 406 104 104 133 .57 53 65 10
‘Mean (n. mi.)___..._. - 183 113 167 271 237 381 300 362 403
Medisn (0. mi.)__.._____ 138 96 150 243 212 3 332 335 410

vector errors in area B, where the mean was 145 n. mi.
The T-60 was the next best with a mean error of 195 n. mi.
In area C the mean error for T—60 was lower, but the
median for NHC-64 was lower. However, the results of

- the two systems are not strictly comparable since they are

for different years.
For a 48-br. forecast three systems could be compared
(table 4). The NHC-64 errors are less in A and B than
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either the NWP or PERS errors, while in C the NWP has

a better record.

For a 72-hr. forecast (table 5), the NWP is better than
persistence in areas B and C, while persistence is better
in A, This latter fact is supported by Colén’s [1] finding
that a persistence forecast in the area east of the Lesser
Antilles has a high probability of success.

Table 6 presents the statistical items for the official
Weather Bureau forecasts. These data are listed sepa-
rately because of the differences in the times these fore-
casts are issued. While no direct comparisons between
the WB forecasts and the various objective systems
should be made, it is of interest to note that the two best
objective systems (NHC-64 and M-M) have demon-
strated forecast skill comparable to that of the official
forecasts. Table 6 also shows that forecasts for area B
are better than those in areas A or C.

Table 7 shows the result of a homogeneous comparison
of forecasts obtained by five of the objective forecast
systems during the hurricane season of 1964. Homogene-
ous comparison as used here indicates that a forecast was
“simultaneously’” obtained by each of the five methods
employed for the same synoptic times for the hurricanes
of 1964. It was only possible to obtain 23 cases meeting
this criterion. The data in this table show that for these
23 cases the NHC-64 and M-M techniques demonstrated
somewhat superior performance over the NWP, T-59,
and PERS systems. This is evident from a comparison
of the means and medians of the vector errors.

The results of this section may be summarized briefly.
Most of the forecast systems verified produce better fore-
casts in area B than elsewhere. This is the area with the
greatest density of oceanic upper-air stations, and part of
the increased accuracy is probably due to the better
analyses which can be produced with more data. How-
ever, if one examines the persistence forecasts one finds
that they are also significantly better in area B for 24-, 36-,
and 48-hr. forecasts. This probably indicates that some
of the increased forecast accuracy in area B is due to
climatological factors. Finally, a 6-year record for the
Miller-Moore technique and a 1-year record for the
NHC-64 method indicate that these two systems are
capable of producing somewhat better forecasts than the
other objective methods tested. This is shown by the
homogeneous sample (table 7) as well as table 8, which
lists the forecast system having the least mean error by
areas and forecast periods.

3. CHANGE IN VECTOR ERRORS WITH TIME

Figures 2a, 2b, and 2¢ contain plots of the mean vector
error as a function of the forecast period for three of the
hurricane track forecasting techniques. The three
methods that are plotted are the NHC-64, NWP, and
WB. The data are for area B, and include 1959-1964 for
WB and NWP, but 1964 only for NHC-64.

The figures show that for all three methods there is very
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Fieure 2.—Vector errors as a function of a change in the forecast
period (a) NHC-64 method, (b) NWP method, (c) Weather
Bureau official forecasts.

nearly a linear relationship between mean vector errors
and length of forecast period.

4. PROBABILITY ELLIPSES

In this section the forecast vector errors will be displayed
by use of probability ellipses. Figures 3 through 21 show
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probability ellipses for a number of techniques for 24-hr.
forecast periods.

In the figures the origin (cross) represents the forecast
position of the storm and the small dots represent the
observed position of the storm at verification time relative
to the forecast position. Thus, the error distribution
represented by these figures may be interpreted in the
following way:

Quadrant ! 1—forecast position too far south and east.

Quadrant 2—forecast position too far south and west.

Quadrant 3—forecast position too far north and west.

Quadrant 4—forecast position too far north and east.

The numbers appearing on the probability ellipses
represent the probabilities that that percentage of the
distribution of the vector errors will be contained within
these ellipses.

Before proceeding with a summary discussion of the
figures, some comments regarding probability ellipses will
be offered. Following Veigas, Miller, and Howe (9], the
vector errors were resolved into latitude and longitude
components and were plotted on suitable figures. Then, if
it is assumed that these components, when considered
jointly, may be displayed as a bivariate normal distribu-
tion (see Appendix), the resulting equations (1)—(3) from
the probability density function are as follows:

. 20—p)In 8

o= 1)
1 p
— tan
O'zl’ona T 10ngT lat ¢
21— In 8
b= ( p) . 2)
an
U?al O 10ng¥ lat ¢

where @ is the semi-major axis and b is the semi-minor
axis of an ellipse. The other terms in equations (1) and
(2) are defined as follows: ¢4, and o, are the popula-
tion standard deviations of the longitude and latitude
components, respectively; p is the linear correlation co-
efficient between the longitude and latitude components;
and S is a measure of the probability and is given by
S=1/(1—p) where p is a certain probability, e.g., 10 per-
cent, 28 percent, etc.

1 2901 ng0 lat
= are tan . —2% 3
¢ 2 ‘ﬁang—' O'%ut ( )

where ¢ is the angle which the semi-major axis of an
ellipse makes with the horizontal coordinate axis of the
figure depicting the error distribution. To solve the
above equations, estimates of the various population
parameters were obtained from the data sample repre-
sented in each figure,

Table 9 is a summary of some of the relationships

! Quadrants are numbered by considering Quadrant 1 to be the upperlefthand quadrant,
Quadrant 2 the upper righthand quadrant, Quadrant 3 the lower righthand quadrant,
and Quadrant 4 the lower lefthand quadrant. These quadrants are with reference to the
coordinate axes not with reference to the ellipses.
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TaBLE 9.—Summary of some of the relationships represented by the
probability ellipses depicted in figures 3 through 21. 24-hr. forecast
periods represented.

Relative areas Probability
Average bias of the covered by ellipses | contours ap-
forecasts for a particular proximately
technique
Name of Fig. ‘Too| Too| Too| Too Small- | In be- | Larg-( Cir- | Ellip-
technique | No. | Area ff\lrr Iasr fast |slow |None| est |tween| est |cular| tical

[e1--Fdel--T-del--Flel--dellel--Tel.]J

represented by the probability ellipses depicted in figures
3 through 21. This table identifies the name of the fore-
cast method being considered, the number of the figure
which gives the detailed data for that forecasting tech-
nique, the area in which the data represented was ac-
quired, a comparison of areas for each system depicted,
and an observation of the degree to which the probability
ellipses depart from ellipticity. Table 10 contains a sec-
tion showing the percentage of forecasts which should be
contained within the areas of the probability ellipses if
the assumption is met that the joint distribution of the
latitude and longitude components of the vector errors is
a bivariate normal one, and the actual percentage of
these forecasts which are contained within these prob-
ability ellipses. Also appearing in this table are the
allowable differences in percentages permitted between a
bivariate normal distribution and an actual distribution.

In conclusion, tables 9-10, lllustrate several facts con-
cerning figures 3 through 21.

First, for all techniques the forecasts made while storms
were in area B yielded the smallest errors.

Second, most of the methods examined exhibited some
sort of bias, even though it was quite small for some of
the methods. For example, forecasts made while storms
were in area A with the WB, T-59, NWP, and PERS
methods produced forecasts which, on the average, tended
to be too far south and too fast with reference to the
observed positions of the storm centers.

Forecasts made when storms were in area B with the WB
and RHS systems produced forecasts which, on the aver-
age, tended to be too far north and too fast, while those
using the M-M and T-60 techniques produced ‘“‘on the
average’’ forecasts which tended to be too far north and
too slow. Forecasts made in area B by the T-59 and
NWP methods exhibited primarily a bias toward being
too fast.
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TABLE 10.—Percentage of forecasts contained within probability ellipses. Bivariate normal percentages (5 percent level)

20%, probability ellipse 40%, probability ellipse 60% probability ellipse 80%probability ellipse
Figure
Name of technique 0. Area Maximym Maximum Mazimum Mazimum
Actual allowable Actual allowable Actual allowable Actual allowable
percentage absolute percentage absolute percentage absolute percentage absolute
difference difference difference difference

Percent Percent Percent Percent Percent Percent Percent Percent
3(A 34 8.0 55 8.0 69 8.0 83 8.0
4| B 25 6.7 46 6.7 62 6.7 77 6.7
5|C 21 0.8 43 9.8 59 9.8 77 9.8
6| B 22 13.4 41 13.4 60 13.4 73 13.4
71C 18 22.1 45 22.1 61 22.1 76 22.1
8] B 27 13.1 47 13.1 71 13.1 88 13.1
9| C 28 24.6 59 24.6 72 24.6 79 24.6
10| A 27 12.8 51 12.8 70 12.8 85 12.8
11 B 2 5.4 40 5.4 56 5.4 76 5.4
12| C 22 12.1 46 12.1 61 12.1 72 12.1
13| A 32 18.7 55 15.7 87 15.7 79 15.7
14| B 22 12.1 48 12.1 a7 12.1 79 12.1
15| C 21 18.9 38 18.9 56 18.9 73 18.9
161 A 39 13.5 59 13.5 76 13.5 84 13.5
171 B 22 8.9 44 8.9 63 8.9 78 8.9
18| C 29 19.0 41 19.0 55 19.0 69 19.0
19 A 36 9.4 59 0.4 71 9.4 83 9.4
20( B 25 7.6 46 7.6 67 7.8 79 7.6
21 |-C 21 11.1 47 11.1 60 1.1 75 1.1

.-

CAT. = ~0,601
LONG.* 0.243 | ]
D =-34.7°
CaT.« o140
5 1z 3 A. G l Hg&:_f;;/f i
e e o oot et B e o s | :
Fieure 3.—Probability ellipses for Weather Bureau 24-hr. fore-
casts, area A (1959-64). Numbers in lower left are as follows: T
LAT.—average of latitude component (in °lat.); LONG.—aVErage o ne s cn siresr tonsiss  are sogrs ot _tatouse ]

of longitude component (in °lat.); 9-—angle formed by semi-major
axis with the horizontal axis of the figure. Bold dot indicates = Ficure 4.—Probability ellipses for Weather Bureau 24-hr. fore-
" center of ellipses; eross indicates origin of coordinate axes. casts, area B (1959-64). For explanation see figure 3.
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— -1 I —
CAT.=- 0.068
— LONG.= 0.298
LAT. = 0042 6 x=710
{.ONG. =- 0.060
@ =-56.5°
o 1 _! 3 4 S 6
o 1 2 3 4 5 6 {In thin tigers ome h.?:-wnﬂ.'L‘A:l'lnuL-un:‘cd.llvu of Lalilude \l I
(o tnls_figers ose degres of Longitude B 04 dagres of Lodiuda) l
F1aure 7.—Probability ellipses for modified Miller-Moore method,

Fiaure 5.—Probability ellipses for Weather Bureau 24-hr. fore-
casts, area C (1959-64). For explanation see figure 3.

|
~

LAT.= 0264
LONG. =-0.235
8 =-405°

a 1 2 3 4 5 6
Dagress of Latitude
(In thin flgurs one degrse of Lomgituse B oas degres of Lotituds}

FicUure 6.—Probability ellipses for modified Miller-Moore method,
area B (1959-64). For explanation see figure 3.

area C (1959-64). For explanation see figure 3.

T
N

CAT.= 0478
LONG.= 0.168
0 =-393°
0 1 2 3 4+ E) 6
Degress of ‘Loillude ‘I
(In this figers one dogres sf Longlteda B o degroe ol Latiteds) l

F16URE 8.—Probability ellipses for Riehl-Haggard-Sanborn 500-mb.
grid method, 24-hr. forecasts, area B (1959-63). For explanation

~see figure 3.
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© =-66.8° [ONG. = 025

6 =-46.8°
] Tz 3 4 5 6
Dvareve o Loitiecs ° L 2 3 ‘ 5 3
D e s o aaioe o Lomgieds B et dres_ot_Lanaset L

Froure 9.—Probability ellipses for Riehl-Haggard-Sanborn 500-
mb. grid method, 24-hr. forecasts, area C (1959-63). For ex- FIGURE 11.—Probability ellipses for Travelers 1959 (T-59) 24-hr-
forecasts, area B (1959-64). For explanation see figure 3.

planation see figure 3.

|
~

~

LAT. #~0.445 ) . —
it AT =-0387
(ONG.= 0499 el
0 —59.7° TOWG. = - 0364
: 0 --52.0°
0 1 2 3 a* L] L] - o 4 3 3 a4 5 &
4 —
Degreas of Lolliude Degreas of Latilude
@n this figure pew éegros of Longiteds M aas degrus of Lotiteds) l Lo this tigure one degres of Longllude 32 ane degrea of Lotitude) J

F1GURE 10.—Probability ellipses for Travelers 1959 (T-59) 24-hr. FicUre 12.—Probability ellipses for Travelers 1959 (T-59) 24-hr.
forecasts, area C (1959-64). For explanation see figure 3.

forecasts, area A (1959-64). For explanation see figure 3.



415

June 1966 Jack D. Tracy
N N
u 4L _
LAT. = -0.265 —L—Mé = —g.::;
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Ficure 13.—Probability ellipses for numerical (NWP) 24-hr.
forecasts, area A (1959-64). For explanation see figure 3.

N

FIGURE 15.—Probability ellipses for numerical (NWP) 24-hr.

forecasts, area C (1959-64). For explanation see figure 3.
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Figure 14.—Probability ellipses for numerical (NWP) 24-hr.
forecasts, area B (1959-64). For explanation see figure 3.

F1GURE 16.—Probability ellipses for Travelers 1960 method (T-60)
24-hr. forecasts, area A (1959-64). Forexplanation see figure 3.
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FigurE 17.—Probability ellipses for Travelers 1960 method (T-60)
24-hr. forecasts, area B (1959-64). For explanation see figure 3.
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Fiaure 18.—Probability ellipses for Travelers 1960 method (T-60)
24-hr. forecasts, area C (1959-64). For explanation see figure 3.

Ficure 19.—Probability ellipses for persistence forecasts (24-hr.),
area A (1959-64). For explanation see figure 3.

Forecasts made while storms were in area C by the T-59
and T-60 systems yielded “on the average’” forecasts
that were too far south and too slow while those using the
RHS system were too far north and too slow. Also in the
area C, “on the average” forecasts produced by the NWP
method were too far south and too fast, those by the M—M
method were primarily too slow, those by the PERS
method were too fast, and in those by the WB method
little bias was shown.

Third, all but three of the techniques (WB-Area A,
RHS-Area B, PERS-Area A) for which probability
ellipses were determined had shapes that were elliptical.
The three which did not, had shapes approximating that
of a circle. Contour ellipses having a circular configura-
tion indicate a random distribution of the quantities in-
volved. The more eccentric the ellipses become, the
closer the relationship between latitude and longitude
errors, and one can see that as the distribution of the
vector errors comprising the sample distribution more
closely approximates that of a straight line, then the
linear correlation coefficient between latitude and longi-
tude errors approaches one.

Fourth, it is apparent, from the section in table 10
containing the percentage of forecasts within probability
ellipses, that the probability ellipses for all the figures
except figures 3, 16, and 19 represent their respective
distributions as valid bivariate normal distributions within
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FiGURE 20.—Probability ellipses for persistence forecasts (24-hr.),
area B (1959-64). TFor explanation see figure 3.

the limits of the Kolmogorov-Smirnov test. Strictly
speaking, figures 3, 16, and 19 should not appear, as they
do not represent close agreement with a bivariate normal
distribution. However for the sake of completeness they
are presented.
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APPENDIX

To test a sample of data to see whether it has a bivariate
normal distribution, one can utilize the Kolmogorov-
Smirnov one-sample test [9] and [6]. This test “ . . . is
concerned with the degree of agreement between the dis-
tribution of a set of sample values [observed vector errors]
and some specified theoretical distribution. . . .” Tt
determines whether the scores in the sample can reason-
ably be thought to have come from a population having
the theoretical distribution. Briefly, the test involves
specifying the cumulative frequency distribution which
would occur under the theoretical distribution and com-
paring that with the observed cumulative frequency distri-
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LEGEND
LATITUDE & Average vofue {deg. Lot} of Lot(tude component.

LONGITUDE w Average value (deg. L.ot.) of Longliude component.
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harizontal axie of flanes
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] 1 2 3 « 5 6 ]

Fioure 21.—Probability ellipses for persistence forecasts (24-hr.),
area C (1959-64). For explanation see figure 3.

bution. The point at which these two distributions,
theoretical and observed, show the greatest divergence is
determined. Reference to the sampling distribution in-
dicates whether such a large divergence is likely on the
basis of chance. That is, the sampling distribution indi-
cates whether a divergence of the observed magnitude
would probably occur if the observations were really a
random sample from the theoretical distribution.

The Kolmogorov-Smirnov test focuses on the largest of
the deviations. The largest value of Fy(X)—Sy(X) is
called the maximum deviation, D:

D=mazimum|Fo(X) —Sx(X)| -

where F, is a specified cumulative frequency distribu-
tion—the theoretical distribution—and Sy(X) is the ob-
served cumulative frequency distribution of a random
sample of N observations.

Values of D at the 5 percent level of significance were
determined from the components of the vector errors for
each technique and for each area for which forecasts were
made. These values of D were then compared with
certain critical values which are contained in table E on
page 251 of Siegel’s [6] book. The results of these tests
are presented in table 9 in a different. and, perhaps, more
interpretative form.



418 MONTHLY WEATHER REVIEW

REFERENCES
1. J. A. Colén, “A Study of Hurricane Tracks for Forecasting

Vol. 94, No. 6

7. J. D. Tracy, ‘“Verification of Forecasts of Hurricane Motion
Using Various Technigues,” pp. 373-382 in “Proceedings of

Purposes,” Monthly Weather Review, vol. 81, No. 3, Mar. 1953,
pp- 53-66.

. G. E. Dunn, “Hurricane Prediction,”” Paper presented at the
American Meteorological Society Annual Meeting, New York,
Jan. 22, 1962.

. R. C. Gentry, “A Re-evaluation of the Problem of Predicting
Hurricane Movement,”’ Proceedings of the Technical Conference
on Hurricanes, Miami, Florida, American Meteorological
Society, 1958.

. B. I. Miller and P. L. Moore, “A Comparison of Hurricane
Steering Levels,” Bulletin of the American Maeteorological
Society, vol. 41, No. 2, Feb. 1960, pp. 59-63.

. H. Riehl, W. H. Haggard, and R. W. Sanborn, “On the Predic-
tion of 24-hour Hurricane Motion,” Journal of Meteorology,
vol. 13, No. 5, Oct. 1956, pp. 415-420.

. 8. Siegel, Nonparametric Statistics, McGraw-Hill Book Co.,
Inc., New York, N.Y., 1956.

the Second Technical Conference on Hurricanes,” National
Hurricane Research Project Report No. 50, U.S. Weather
Bureau, 1962.

8. L. W. Vanderman, “An Improved NWP Model for Forecasting

the Paths of Tropical Cyclones,” Monthly Weather Review, vol.
90, No. 1, Jan. 1962, pp. 19-22.

9. K. W. Veigas, R. G. Miller, and G. M. Howe, “Probabilistic

Prediction of Hurricane Movements by Synoptic Climatology,”
Occasional Papers in Meteorology, No. 2, Travelers Weather
Research Center, Hartford, Conn., 1959, 54 pp.

10. K. W. Veigas, “‘Prediction of Twelve, Twenty-four and Thirty-

six Hour Displacement of Hurricanes by Statistical Methods,”
Final Report, Contraet No. Cwb-9807, The Travelers Research
Center, Inc., Hartford, Conn., 1961, 36 pp.

{Received March 3, 1966; revised April 22, 1966]



